Introduction
In recent years, an interest in monitoring coastal parameters such as conductivity, temperature, and water flow has expanded to the use of distributed wireless sensor networks to develop three spatial dimensional maps in time.
Communications between sensors can take many different forms. In the case of radio wave propagation the options include:
 Wireless underwater propagation  Wired underwater propagation  Wireless across the water surface While underwater radio wave propagation is essentially impossible due to high attenuation, the other two aforementioned methods require wired propagation either through water or to the surface [1] , [2] . Radio communications in the extremely low frequency (ELF) range have been used for military applications, i.e. submarine signaling, however, applications have been extended to commercial and scientific purposes. This includes applications related to oil and mineral exploration and pollution sensing in coastal areas. A completely submerged antenna (working frequency of 433 MHz) results in a very short propagation range (several centimeters). A significant propagation range through saline water could only be achieved by reducing the frequency or increasing the transmit power [3] , [4] .
Shammaa et al. [3] conducted experiments at lower MHz frequency range with completely submerged transceivers. They proposed that a frequency range between 1 to 20 MHz is most suitable for underwater communication provided the transmit power is high i.e. 5 W. Jimenez et al. [5] performed simulations and experiments at 100 kHz with loop antennas placed horizontally on seabed. The seabed has lower conductivity and an EM wave can travel longer distances through seabed as compared to seawater. He reported that the wave attenuation through the seabed was lower than through seawater. Datsko et al. [6] performed experiments using a frequency range 5-30 MHz. He placed a transmitter and receiver over the seawater surface at heights of 30 m and 3 m respectively. He observed the effect of the ground reflected wave on the received power under different weather conditions which included wind force, direction and sea roughness. Milford et al. [7] performed experiment with insulated wire submerged in seawater. His experiments regarding attenuation in an insulated wire showed good agreement with theoretical modeling up to 300 MHz. Lee et al. [8] performed experiments to establish a microwave link over seawater surface by placing transceivers at variable heights (0.37-1.83 km). They performed statistical analysis and applied an empirical modeling of the measured data using Gaussian and Rician distribution functions. Zhao et al. [9] performed experiments at 8 GHz to determine the effect of sea roughness resulting from wind speed. For smooth sea surface (wind speed of 0 m/sec), the relative error in dB's was calculated as 1.2%. However, for the wind speed of 10 m/sec, the relative error was 8.7%. An insulated wire in the ocean serves as a transmission line where the conductive ocean water provides the outer conductor of the "coaxial" transmission line. This paper reports the characteristics of subsurface insulated wires. A complete configuration is shown in Fig. 1 with a weighted plastic container holding an air-filled PVC pipe which contains the sensor node and transmitter circuit. A flexible insulated wire was attached to the sensor node passing through the PVC pipe and extended to the surface of the seawater, protruding above it in a Styrofoam float that forms the floating monopole. The monopole length was equal to the diameter of the sphere, 12.5 cm and approximated a quarter wavelength monopole at 433 MHz.
Three commonly available, low cost connecting wires with PVC insulation with different radii of the insulation and inner conductor were investigated. Since the submerged part of the insulated wire forms a coaxial cable with water as outer conductor, results were compared with a shielded coaxial cable. The seawater characteristics, i.e. conductivity and temperature, were measured. These values were used to determine the permittivity of seawater [10] , [11] . The attenuation of 433 MHz through the submerged insulated wire in seawater was calculated using the methodology discussed by King and Smith [12] , [13] . The calculated results were validated from reflection and transmission measurements in the laboratory. Field measurements were performed at the seashore to investigate the propagation range across the sea surface due to the protruding monopole antenna using three different insulated wires and the shielded coaxial cable.
The theoretical and experimental results discussed in this paper also predict the attenuation at lower ISM bands e.g. 6.7 MHz. A lower ISM band would result in a reduced attenuation coefficient. However, the size of the floating monopole would increase significantly. The proposed analysis offers an advance in coastal monitoring, as it allows 2D/3D subsurface measurements by an array of subsurface sensors connected via communications links between floating antennas. The paper is organized as follows: Section 2 discusses the numerical modeling and simulated results for different insulated wire submerged in seawater. Section 3 reports the setup and results for laboratory and field measurements. Section 4 summarizes the work and provides recommendations for future implementations.
Methodology and Numerical Simulations
The attenuation and impedance of the submerged part of the insulated wire were determined. The propagation coefficient γ and characteristic impedance Z c of an insulated wire submerged in seawater (see Fig. 1 ) are given by [12] , [13] , [14] ,
where α and β are the attenuation and phase constant, respectively. Here k L is defined as
where a and b are the radii of inner conductor and the insulation, respectively, and k i and k e correspond to the complex wave numbers representing the insulation and seawater. Here  i is the impedance of insulating material and
is the Hankel function of the second kind. Table 1 lists the wire parameters, attenuation α and characteristic impedance Z c , determined using (1) to (3), at 433 MHz for the three different copper wire configurations used in the experiments. The characteristic impedance is a complex quantity and results show that impedance is mostly real for all three wires. (see Tab. 1). Results show that the attenuation in the insulated wire increases considerably with increasing frequency.
The simulated results from Figs. 2 and 3 were determined using the measured conductivity and temperature of seawater (6.45 S/m and 19°C, respectively). These values were used to determine the permittivity of seawater using the Debye relaxation formulation [10] , [11] . The factor (b/a) is the ratio between the radii of the insulation and the inner conductor. This factor is a major contribution to the attenuation of the insulated wire in seawater (see Tab. 1). Wires 1 and 2 have a different cross-sectional area but their ratio (b/a) is approximately the same. The difference in the attenuation coefficient of both wires is very small. The ratio (b/a) for wire 3 is the lowest and it results in the highest attenuation. This shows that the higher the value of (b/a), the lower the attenuation of the EM signal through the insulated wire.
The characteristic impedance of wire 3 is close to 50 Ω over most of the frequency range. However, wire 1 and wire 2 show a slight mismatch which results in a small reflection of power between the insulated wire and the monopole antenna. Moreover, the movement of the float changes the length and orientation of the monopole antenna even under light wind and wave conditions. Impedance matching was performed by adjusting the length of the monopole antenna above seawater surface.
The relationship between seawater parameters is given by permittivity models. The values of salinity and temperature affect the electrical parameters of seawater which includes conductivity and permittivity. Figure 4 shows the effect of temperature change on the attenuation of EM wave at 433 MHz for different values of salinity. The values have been calculated using the empirical formulations given by Klein-Swift model [11] . The results show that the attenuation increases with temperature for a particular value of salinity.
Measurements
Measurements were carried out in the laboratory to determine EM wave attenuation through a submerged insulated wire. In addition, a test was conducted to verify the effect of seawater conductivity on the resonance shift of a quarter wavelength monopole antenna. Moreover, field tests were performed to determine the propagation range of a floating monopole antenna fed by a submerged insulated wire. A comparison was also performed between three wires (see Tab. 1) and a shielded coax cable.
Laboratory Measurements
A rectangular plastic container was used for measuring the attenuation through insulated wires submerged in saline water in the laboratory. A wire 72 cm long was positioned in the center of the plastic container (72 cm × 36 cm × 15 cm). The insulated wire was connected to the center of a circular copper ground plane with diameter of 12 cm on either side of the plastic container through an SMA connector. Measurements were performed using a portable Vector Network Analyzer [15] . The saline solution was prepared from sodium chloride mixed with tap water (20 gms/ltr). A conductivity meter (WP 81 from TPS Pty Ltd) was used to monitor the conductivity, and salt was added step-wise until the conductivity reached a level of 5 S/m. The ground plane was attached on the outer side of the container and had no contact with the saline solution. The setup for the saline water container represents a two port network which was used to measure the transmission and reflection coefficients for the three insulated wires with different radii of insulation and inner conductor.
Scattering parameters for various wire configurations were measured 10 cm beneath the water surface. The reflection (Ѕ 11 ) and transmission (S 21 ) coefficients were measured over the frequency range of 1 to 500 MHz. The same parameters were measured in air. Figure 5 shows the return loss measurements for the three insulated wires. Measurements were performed with one end of the insulated wire connected to the VNA and the second end terminated with a matched load. The procedure was repeated for each wire.
All results show a resonant condition (Ѕ 11 minimum) at 28 MHz where the effective length of the wire is one quarter wavelength in the saline water. The wavelength in the saline container was calculated to be 10.34 m. Since the wire length is 72 cm, the relative permittivity of the saline water was ε r = 58.52. The previous values of relative permittivity of seawater ranges between 72 to 80 [11] . This difference can be attributed to impedance mismatches during the measurements.
The Ѕ 11 results show that wire 1 with the highest (b/a) value has the lowest loss over most of the frequency range. In addition, the three insulated wires have almost the same resonant frequency. However, there is an offset in dB level for each wire. The dB offset between wire 1 and wire 2 is small since their (b/a) ratio have similar values. Wire 3 shows the maximum loss due to the lowest (b/a). These results show that the reflection depends significantly on the radius of insulation and the inner conductor. The frequency response of wire 3 shows minimal ripples since it is best matched to 50 Ω (see Fig. 5 ). Since the length of the wire is 72 cm, the attenuation (α) was calculated as 32 dB/m. The attenuation rate exp(-z) of the EM signal propagating in the saline container is given as (E 1 /E 0 = 0.025). From these results we can conclude that the dielectric constant (ε՛՛/ε՛ >> 100) and the saline water behaves as a good conducting medium. Figure 6 shows the transmission coefficient for the three insulated wires. Wires 1, 2 and 3 show a loss of 25.4 dB, 26.7 dB and 31.6 dB, respectively, at 433 MHz. As the length of the wire is 72 cm, these results can be recalculated in dB/m which matches closely the attenuation calculated in Sec. 2. The linear regression fit for the three wires shows a similar slope as the one from Fig. 2 (r 2 > 0.96). The small difference in the calculated and measured attenuation rates are due to the difference in conductivity and temperature of water which affects the attenuation in the insulated wire. The conductivity in the saline container was 5 S/m compared to 6.5 S/m measured in the ocean. The reverse transmission (S 12 ) and reflection (S 22 ) parameters were also measured, however; the results are not reported since they are indistinguishable.
The results reported above show that the power in an insulated wire submerged in seawater attenuates significantly with slight changes in length and diameter of the wire. The conductivity and temperature of seawater affect the signal power for the submerged wire. These results are not significant if the same wire is in air or sand due to the low permittivity and conductivity values as compared to water.
The quarter wavelength in free space at 433 MHz is 17 cm. However, the seawater permittivity ( r = 80) results in a shift of resonant frequency. This requires the antenna to be designed at a slightly higher frequency. The resonant shift due to the permittivity results in an antenna operating at required frequency i.e. 433 MHz. Figure 7 further explains the effect of seawater permittivity on the resonant frequency.
The monopole antenna was partially submerged in seawater and the conductivity of seawater was gradually increased from 1 to 4 S/m. Figure 7 shows the effect of seawater parameters on the antenna. The resonant frequency in air was recorded as 546 MHz. When the antenna was placed over the water surface with a conductivity of 1 S/m, the frequency shifted due to the high permittivity of seawater and resonated at 446 MHz with a return loss of 17.66 dB. When the conductivity was gradually increased to 4 S/m, the return loss changed significantly and a slight change in the resonant frequency was observed. According to Klein-Swift permittivity model, increasing the conductivity results in a partial change in permittivity ranging from 72 to 80. Moreover, the resonant shift also depends on the operating frequency and is less significant at higher frequency bands [16] .
Field Measurements
Propagation measurements across the water surface from a floating buoy were performed at a canal estate in Cleveland, Queensland, Australia [14] , [17] , where the water depth was between 1.5 to 3 m. The transmitter node (Fig. 8) consists of a ground plane comprising the circuit board electronics (60 mm × 40 mm).
This was connected to the insulated wires and the received power was measured with a stationary spectrum analyzer located 1 m above the water surface [18] . For comparison, a shielded coaxial cable was included in the measurements, the insulation around the protruding above water floating monopole was removed and measurements were performed with the bare inner conductor. Figure 9 shows the set up for the propagation range measurements, where d LOS and d sr correspond to the lineof-sight and surface reflected distance between the antenna and the receiver, respectively. Here h r is the height of the receiver above the seawater level, and d is the horizontal distance between the antenna and the seashore.
The sensor was submerged in seawater with the monopole (12.5 cm) floating above the sea surface. The first measurement was performed with wire 1 at a separation distance of 5 m from the receiver (Fig. 10) . The signal strength was -77 dBm.
The floating monopole was moved away from the receiver step-wise until the signal level dropped below -100 dBm The same procedure was repeated for wires 2 and 
Fig. 9.
Set up for propagation range measurements. The height of the transmitter is equal to the radius of the hemisphere, and the spectrum analyzer is placed onshore on a rock wall at 1 m above seawater level. and 3. For wire 2, the signal level dropped to -100 dBm at a separation distance of 25 m. For wire 3, the signal attenuation was much higher and it dropped at 15 m. The attenuation of an EM signal in seawater depends on several factors which include sea roughness, height of the transmitter and the receiver, wind, and water direction, and most importantly, the operating frequency. The attenuation trends and variation in dB levels due to volatile and fluctuating seawater environment can be explained by an empirical model. The empirical modeling includes curve fitting the measured data to track the decrease in power with distance. Moreover, the mean and standard deviation of the received power is calculated to study the fluctuation in the received power. The linear regression lines were fitted to each measurement (see Fig. 10 ). The slope of the line for each test is almost 1 dB/m for the surface propagation; however, there is a significant difference between the propagation ranges. The attenuation through wire 1 was the smallest (see Tab. 1), which results in more power at the floating monopole antenna. The attenuation through wire 2 is greater, and this results in a lower propagation range. Attenuation through wire 3 was the highest due to the lower ratio (b/a), which resulted in the shortest propagation range.
This procedure was followed for the propagation range measurements using the shielded coaxial cable. The results show that the signal level dropped to a maximum of -92 dB at a distance of 135 m which was almost the total width of canal estate. This shows that the shielded coax cable can transmit signal from the sea bed to the sea surface without any attenuation in signal power. A simple monopole antenna can be used to transmit the signal to an onshore base station resulting in increased propagation range.
The vertical error bars in Fig. 10 show a variation of ±3 dB which reflects the standard deviation of the packet data. This variation was calculated using the packet data collected during the measurements. The statistical analysis of the packet data was developed as the one reported by Lee et al, in [8] . Figure 11 shows the histogram of the raw packet data collected during the experimental measurements, together with a mapping of the raw data using a Gaussian distribution function. The mean ( and standard deviation ( ) for the packet data collected at a separation distance of 30 m was -98.05 dB and 3 dB, respectively. These values were used to plot the probability density function (PDF) that best fits the raw data. Furthermore, the packet loss was calculated as 1.73% for a separation distance of 30 m between transceivers. These experiments were performed in light wind conditions. The statistics reported above are valid for the sea state on the measurement day. A change in sea roughness would change the mean and standard deviation of the received power. Zhao et al. [9] reported a packet loss of 1.2% for smooth sea surface (wind speed 0 m/sec), however, the packet loss increased to 8.7% for a wind speed of 10 m/sec. This shows that wind speed has a considerable effect on link quality of a communication channel in the seawater environment. The results reported in Fig. 10 are for a floating sensor and a fixed onshore receiver. For a communication link between two floating sensors these statistics would further change and the link quality would deteriorate. Further analysis regarding link quality and packet loss between two floating buoys can be found in [14] , [19] . Zhao et al. and Lee et al. performed experiments at GHz, which resulted in more losses. EM wave attenuation is frequency dependent and higher frequencies propagating over water surface would attenuate more as compared to lower frequencies. Moreover, an increase in antenna height results in reduced losses and vice versa. Seawater communication is affected by several factors and a compromise between transmit power, operating frequency, antenna height and sea roughness is required for a good communication link. The proposed work is beneficial for shallow water coastal monitor- ing where considerable propagation range can be achieved at 433 MHz.
Conclusion
The characteristics of an insulated wire submerged in sea water at 433 MHz were measured and analyzed. Results showed that the attenuation in the insulated wire depends on the ratio of the radii of insulation and inner conductor for a particular frequency and sea state conditions. The surface propagation range was 30 m. This distance can be extended by changing the wire cross-section and increasing the transmitter power. The length of insulated wire can also be extended to approximately 2 m. There is a compromise, however, between the length of insulated wire and the surface propagation distance. Increasing the length of the insulated wire would reduce the surface propagation range for a fixed transmitter power output. Floating monopoles can be effectively used for shallow water coastal monitoring since they are low cost, low power and have a considerable propagation range that depends upon the operating frequency. The shielded coaxial cable shows almost no loss when immersed in seawater and so the surface propagation extends to much longer distances across the surface. The low cost, insulated wire solution is simple to deploy and would be suitable to closely spaced sensor nodes. For much larger distance and deeper sensors, the coaxial solution is preferable. 
